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INTRODUCTION
Spring burning of tallgrass prairie and other rangelands is a common management practice in the Great Plains of the United States. The quantity and quality of forage for livestock is increased with burning because the productivity of warm-season grasses increases disproportionately to that of less desirable cool-season grasses and forbs (Owensby and found that the largest portion of '5N applied to an annual grassland as urea was initially immobilized by microbes, but by four months after application a greater quantity of 15N was recovered from plants than microbes. Hart et al. (1993) found that the largest portion of 15N injected into the same grassland remained in SOM (including plant litter and roots, but excluding microbial biomass) through one year and that mass of 15N in microbes was consistently greater than in plant shoots.
In an effort to more fully explain the mechanisms that allow the tallgrass prairie ecosystem to sustain increased productivity despite N losses and lower net N mineralization in burned prairie, a N tracer study was conducted. Nitrogen-15 was injected into soil as NH4+ to simulate plant-available N produced through mineralization. The retention and partitioning of the 15N was then followed over five growing seasons. Previous research suggests that immobilization within the SOM will control the immediate availability of NH4+ in tallgrass prairie soils, but quantities of N immobilized by plants (particularly warm-season grasses) will be highly conserved. As the 15N accumulated in the SOM is mineralized over time, we anticipated that '5N accumulations in plants will slowly increase. Greater microbial immobilization in burned prairie is likely, because greater organic matter inputs, with a wider C: N ratio, are typical of burned prairie. We hypothesized that this greater rate of N immobilization within SOM in burned prairie results in greater conservation of N within the root zone.
METHODS
The study was conducted at the Konza Prairie Research Natural Area near Manhattan, Kansas, USA. The plant community at the site is dominated by the warmseason grasses big bluestem (Andropogon gerardii Vit.), switchgrass (Panicum virgatum (L.)), and indiangrass (Sorgastrum nutans (L.) Nash). A wide variety of forbs are also found, with the greatest number observed in unburned plots. The area was grazed by cattle prior to the establishment of the experimental site, but it has never been cultivated. In 1986, a randomized block experiment with four replicates was established to study the impact of annual burning and fertilization on belowground processes in the tallgrass prairie. The current experiment was conducted within each replicate of the unfertilized controls. The soil at the site is mapped as an Irwin silty clay loam (Fine, mixed, mesic, Pachic Argiustolls). Total C and N contents of the soil are --31.0 and 2.8 g/kg, respectively, in the upper 15 cm and have not changed significantly with annual burning (Dell 1998 ). The soil is somewhat acid, with pH values ranging from 5.6 to 6.1 with no differences between burned and unburned treatments (Ajwa et al. 1999 ). Annual burning occurs in late April or early May.
In May 1994, four polyvinyl chloride (PVC) cores (25 cm diameter by 25 cm long) were inserted into each of the four replicate plots of annually burned and unburned prairie. Four weeks later, 14 mg of '5N as ('5NH4)2SO4 (98% enrichment) was injected into each core to a depth of 15 cm using multiple injections with spinal needles (17 gauge, 15 cm long; Popper and Sons, Hyde Park, New York, USA). Solution was injected into the 0-5 cm and the 5-15 cm layers separately with each layer receiving 13 injections. Needles were inserted to a depth of either 5 cm or 15 cm, and solutions were slowly injected as the needles were raised out of the soil. Solid inserts were placed in the needles during insertion to prevent clogging. Surface litter was removed from the cores prior to application. One core from each plot was removed from the field 6 d after tracer application, a second core was removed in De-Ecology, Vol. 86, No. 5 cember 1994, the third core was removed in December 1995, and the final core was removed in December 1999. In the laboratory, surface litter was collected and foliage was cut at the soil surface, the soil was removed from the core, all soil greater than 15 cm from the surface was separated and stored, and the remaining soil was broken apart. Large roots and rhizomes were removed and the soil was passed through a 6.0-mm screen, mixed, and subsampled for analysis. Subsamples were stored at 40C until analysis. The remaining soil was washed repeatedly with shaking, and the wash water was passed through a 0.5-mm sieve to recover small roots and root fragments. Plant material was dried for 3 d at 60'C and ground to pass through a 1.0-mm screen. The estimated mass of small roots in the unwashed subsamples was added to the mass of recovered roots, assuming the concentration of roots in the subsample was the same as in the washed soil. No roots were removed from soil greater than 15 cm below the surface, but a subsample of the soil was analyzed for total 15N. Soil and plant material was also obtained from outside the cores for the determination of the natural abundance of 15N in plant and soil pools.
Soil samples (20 g) were extracted in 100 mL of 1 mol/L KCl three times by shaking for 1 h at 300 rpm. Isotope ratios of plant materials, soils, and extracts and total N concentrations of plant material and soils were measured using a Europa Scientific ANCA-SL isotope ratio-mass spectrometer (Sercon Limited, Crew, UK). Plant materials and soils were combusted directly in the mass spectrometer. Coarse and fine roots were analyzed separately. Ammonium and NO3-concentrations of KCl extracts were determined colorimetrically, using an Alpkem flow injection auto analyzer (OI Analytical, College Station Texas, USA). Extracts were then prepared for isotope analysis by the diffusion method (Brooks et al. 1989 ). Forty milliliters of extract were transferred to 120-mL specimen cups and -0. 
RESULTS
Immobilization of the applied '5N was rapid, with < 11% remaining as extractable NH4+ or NO3-after six days (Table 1) . From the end of the first growing season through the end of the fifth season, <4% of the applied 15N was detected as iN. Although it represented only a small portion of the total 15N application, the 15N content of the inorganic pool after one season may be artificially high because of mineralization that may have occurred during a refrigerator breakdown prior to analysis.
Regardless of burning or incubation time, the largest portion of applied 15N was recovered as oN (Table 1) , which contains >95% of the total N in the system (Table 2) . For all incubation times after six days, significantly more '5N (P ? 0.10) was recovered as oN in the burned prairie compared to unburned (Table 1) . The percentage '5N in oN decreased from six days after application to the end of the first growing season in both the burned and the unburned treatments, but did 
1I Sum of all N pool means, except microbial biomass, which is included with the soil organic N.
not change during the second season. The mass of 'SN recovered in oN then increased from the second through the fifth growing season in both burned and unburned prairie. ANOVA indicated that the effect of burning on the accumulation of 15N in oN was highly significant (P = 0.01; Table 3 ). Microbial biomass accounted for -50% of the '5N recovered from oN six days and one seasons after application and account for at least 30% of oN thereafter (Fig. 1) . Plants contained -~20% of the applied 15N six days after application and maintained that mass of tracer throughout the first two growing seasons in both burned and unburned prairie ( Table 1) the fifth season, but the '5N lost from the plants was accounted for in oN. Roots accounted for the largest pool of total N within the plant (Table 2 ) and were the largest sink for '5N in the plant (Table 1) . Accumulations of 15N in shoots generally decreased with time in both burned and unburned prairie. The '"N content of the rhizomes was low six days after application, but increased 3-to 10-fold by the end of the first growing season. Although litter accumulated with time in unburned prairie (Table 4) , mass of '5N in surface litter was small regardless of burning or incubation time (Table 1).
Burning did not significantly affect the biomass production of shoots or rhizomes (P < 0.1; Table 4), but did lead to significantly greater root biomass throughout the first two growing seasons. Although root biomass generally increased with burning, total N content of roots was generally similar between burned and unburned prairie (Table 2) . Therefore, the C:N ratio of root litter increased in burned prairie. Total recovery of applied '5N decreased from June to December of the first growing season in both burned and unburned prairie, but changed little thereafter (Table 1). However, 15N losses were larger in unburned prairie. Although the pathways of '5N losses were not directly determined, '5N concentration of the soil immediately below the chambers was much greater than natural abundance after the first sampling date indicating downward movement of applied N (data not shown).
DIscussIoN
Rapid immobilization in soil via microbial assimilation and abiotic mechanisms largely controls plant availability and retention of NH4? produced through mineralization in tallgrass prairie soils. More than 70% of the applied '5N was found in soils from both burned and unburned prairie six days after application, and a majority of the recovered '5N remained in that pool throughout the experiment. Approximately 50% of the 15N in soil after six days of incubation was accounted for in the microbial biomass, suggesting that microbial uptake was probably responsible for the largest portion of the initial immobilization in soil. The portion of 15N in soil not recovered from the microbial biomass could have been initially immobilized by the microbial population and then transferred to non-living fraction of the SOM as a result of cell turnover or could have been immobilized by abiotic processes. The potential for abiotic N immobilization in these soils was not determined, but Barrett et al. (2002) found that abiotic processes were responsible for 10-40% of the N that was assimilated in soils from ten grassland sites in the Great Plains. Even though immobilization in soil limited the availability of N to the plants in both burned and unburned prairie, N was highly conserved within the plants allowing them to sustain productivity. The plants contained no more than 20% of the applied N throughout the experiment, but retained constant quantities of 15N through the second growing season regardless of burning. However, it cannot be determined to what degree '5N concentrations in the plant were maintained by conservation of N that was immobilized initially or as a result of continued uptake of '5N mineralized from labeled SOM. The mass of '15N in shoots (standing dead) and litter at the end of each season generally accounted for <25% of total accumulated in the plants; therefore, a majority of the '5N taken up by the plant was belowground and not subject to loss through fire in the spring. Additionally, the large increase in the mass of '5N in rhizomes from six days after application to the end of the first growing season indicated that N may have been removed from senescing foliage and stored belowground. The apparent conservation of assimilated N within the plant community that we observed is consistent with that reported by Clark (1977) for shortgrass prairie in Colorado.
The incorporation of applied N into SOM and the total recovery of 15N was -25% greater in burned prairie, offsetting losses of N due to the combustion of aboveground plant residues. Approximately 5% of the applied N was recovered in the standing dead shoots and litter at the end of the first growing season and was probably lost to fire the following spring. Although this is a relatively small portion of the applied N, an annual loss of this size over several years could lead one to expect a decrease in the total N in the system. However, measurements of total and potentially mineralizable N made at the site in the initial year of the study showed no differences between soils from unburned prairie and that burned annually for eight years (Dell 1998 ). The Century model (Ojima et al. 1991 ) predicted only a 2% decrease in total soil N with 20 years of annual burning of Kansas tallgrass prairie. Therefore, greater incorporation of N into SOM in burned prairie offers a means by which overall losses of N from the system are reduced relative to unburned prairie. The incorporation of inorganic N into the SOM reduces the potential for leaching or gaseous N losses, maintaining levels of both total and potentially mineralized N within the root zone. Groffman et al. (1993) found that denitrification was significantly greater in unburned prairie with rates as high as 60 g-ha-1-d-1 in April and that the increase was correlated with higher soil water content and nitrate levels in unburned prairie. Periodic measurements between 1992 and 1997 in our experimental plots shows greater potential for denitrification in unburned prairie with mean water contents that were consistently greater and inorganic N concentrations that were frequently higher (LTER data set, available online).3
The mechanisms causing greater immobilization of N in soils of burned prairie merits further research. A large portion of oN was accounted for in the microbial biomass both six days after '5N application and at the end of the first growing season, indicating that microbial uptake plays a key role in retention of N in the system. Burning resulted in greater plant litter inputs to soil and those inputs had a wider C:N ratio (Ojima et al. 1994 , Dell 1998 ). Therefore, microbial N demand is likely to have increased in soils of annually burned prairie compared to unburned prairie. Given lower quality C substrates in burned prairie, soil microbes are more likely to re-immobilize '5N that is released from labeled SOM. Unfortunately, the quantification of microbial biomass N requires a correction for extraction efficiency that is not easily determined. Therefore, the use of a previously published correction factors may be somewhat inaccurate for a specific soil. In addition to microbial uptake, NH4+ can be incorporated into unextractable soil pools through ionic substitution into 2:1 clays (Stevenson 1994) A limited number of studies have reported the partitioning of N applied at agronomic rates to managed grasslands/pastures. The initial plant N uptake accounted for a much larger portion of the applied N than 3 (www.konza.ksu.edu) Ecology, Vol. 86, No. 5 observed in the current study, but total recoveries and the fraction of applied N incorporated into soil organic matter were lower. For example, Ledgard et al. (1988) reported that plant accumulations were greater than observed in the prairie and ranged from 30% to 60% of applied N. This comparison suggests that application of N at agronomic rates adds more N than can be immobilized in soil leaving greater quantities of N for uptake by the plant community. However, incorporation of N into the soil organic pool still accounted for the largest portion of applied N that was conserved within the root zone. Nannipieri et al. (1985) found that 48% of the 15N applied to a grass-legume pasture (140 kg/ha) could be recovered as soil organic N at the end of the season in which it was applied, and soil concentrations changed little through the following two growing seasons.
The utilization of '5N tracers under grazed conditions and with a wider range of fire frequencies is also needed to more fully explain the mechanisms controlling N flow in the tallgrass prairie. Johnson and Matchett (2001) observed greater N availability when annually burned prairie was grazed due to higher root litter quality (C:N ratios were 30% lower) and a lower potential for microbial N immobilization. The digestion of forage by grazers and subsequent input of urine and dung to soil also speeds cycling of N in the system. Net N mineralization rates in tallgrass prairie have been shown to increase as fire frequency decreases (Blair 1997 ). However, Blair (1997) concluded that large increases in plant productivity that are generally observed after an infrequent fire primarily result from the removal of physical limitation to plant growth and the utilization of N that accumulated in the absence of fire rather than from an acceleration of mineralization activity as had been previously hypothesized.
In conclusion, following the fate of the applied NH4+ through five growing seasons showed that the incorporation of N into SOM (either through microbial immobilization or abiotic processes) controls the flow of N within native tallgrass prairie soils. However, plants appear to sustain productivity by tightly conserving immobilized N. Burning increased the total recovery of applied N due to greater immobilization in the SOM. Greater microbial N demand in response to larger organic matter inputs with wider C:N ratios is likely the mechanism for much of the increase in N immobilization in burned prairie. However, further research on the impact of burning on the abiotic N immobilization in soils is needed. Although burning results in the loss of some N during the combustion of aboveground plant residues, greater immobilization of N within SOM in burned prairie can increase the retention of potentially mineralized N within the root zone. Therefore, conservation of N within the root zone is a key mechanism explaining how greater productivity can be maintained in the N-limited annual burned prairie.
